We consider chaotic motions of a portal frame structure under non-ideal loading. To suppress this chaotic behavior, a controlling scheme is implemented. The control strategy involves application of two control signals and nonlinear feedforward control to maintain a desired periodic orbit, and state feedback control to bring the system trajectory into the desired periodic orbit. Additionally, the control strategy includes an active magneto-rheological damper to actuate the system. The control force of the damper is a function of the voltage applied in the coil of the damper that is based on the force given by the controller.
Introduction
The study of non-ideal vibrating systems, that is, when the excitation is influenced by the response of the system, has been considered a major challenge in theoretical and practical engineering research (as examples, among others, see Bolla et al. (2007) , Castão et al. (2010) , Samantaray et al. (2010) , Djanan et al. (2013) . In this work, we observed chaotic vibrations of a portal frame structural system mathematical model under non-ideal loading. We intend not only to suppress large amplitude oscillations but also to reduce them to a periodic orbit. The suppression of chaos and keeping the oscillations into a desired periodic orbit was obtained using active control considering the Optimal Linear Feedback (OLFC) proposed by Rafikov and Balthazar (2004) and the use of a magnetorheological (MR) damper modeled considering the hysteresis phenomenon.
The MR damper uses an MR fluid which is basically composed of micrometer-sized particles of iron suspended in an oil base. The MR response of MR fluids is a result of polarization induced in the suspended particles by application of an external field. The interaction between the resulting induced dipoles makes the particles form columnar structures parallel to the applied field, increasing the viscous characteristics of the device (Kasemi et al., 2012; Dutta and Chakraborty, 2014 ). These magnetic properties permit its use as a damper controlled by an electrical current Tusset et al., 2012 . When using MR damper control for suppression of unwanted oscillations, the viscosity of the internal fluid varies according to a variable electrical current or voltage (Tusset et al., 2009; Piccirillo et al., 2014) . According to Cetin et al. (2011) , there are two main approaches in the literature to describe the hysteresis dynamic behavior of MR dampers. One of them is the Bouc-Wen hysteresis model proposed by Spencer et al. (1997) , and other one is the LuGre hysteresis model that has been obtained from the nonlinear friction model proposed in Alvarez, 2002, 2005; Terasawa et al., 2004; Sakai et al., 2003) . In Dyke et al. (1996) , the Bouc-Wen model of an MR damper was implemented with successful results to a three-story frame model. Cetin et al. (2011) used the LuGre friction model of an MR damper to a six-story frame model. Although Bouc-Wen model can accurately predict MR damper dynamics for active or semi-active control, it is too complex and difficult to implement (Cetin et al., 2011) . On the other hand, Cetin et al. (2011) observed that the LuGre Model is more versatile than the Bouc-Wen model in semi-active control systems, therefore, in this work, the LuGre friction model is preferred over the Bouc-Wen model.
The organization of this paper is as follows: in Section 2, the mathematical model of the portal frame under a non-ideal excitation is described and numerical simulations necessary to analyze the dynamics of the system are performed. In Section 3, the control of chaotic motion by the application of the OLFC method is presented. Section 4 presents the mathematical model of the MR damper as a function of the applied voltage in its coil and numerical simulations necessary to analyze the dynamics of the controlled system. In Section 5, the robustness of the control techniques is tested by including parameters uncertainties on the control signals. The final remarks and the acknowledgments are in Sections 6.
Formulation of the engineering problem
Here, we will consider the horizontal motion of a portal frame under a non-ideal excitation (see Fig. 1a ) and the approximated schematic model of the system, represented by coupled oscillators (see Fig. 1b ). 
Next, we render Eqs. (2.1) dimensionless in terms of new variables defined by: τ = ωt, x 1 = x/x * , and x 3 = ϕ/ϕ * , where x * and ϕ * are constant characteristics. Equations (2.1) can be represented in a state space, in dimensionless form, as
Numerical simulations
Numerical simulations are performed using Matlab R 
Proposed active control
Consider now the introduction of a controllable damper in the system, as shown in Fig. 3 .
Introduction of the control U leads system (2.2) to
where
u * will be the feedforward control and u the feedback control. Since the objective of this work is to control x 1 and x 2 , the variables x 3 and x 4 will be considered only as disturbances of the system. Thus
Substituting (3.3) into (3.1) and defining the deviation of the desired trajectory as
we rewrite system (3.1) in matrix forṁ
The feedback control u can be found solving Eq. (3.6)
According to Rafikov et al. (2008) , if there are matrices Q and R (Q symmetric positive definite) such that
is positive definite, the matrix G restricted, then the control u is optimal and transfers the non-linear systems from any initial state to the final state y(∞) = 0
The symmetric matrix P can be found from the Riccati algebraic equation
For the optimal control verification (3.6), function (3.7) is numerically calculated using
The sufficient criterion to guarantee that control (3.8) is optimal is that L(t) is positive definite (Rafikov et al., 2008 ).
Numerical simulations
Let us define the desired trajectory as being a periodic orbit x * 1 = 0.01 cos(πτ ). As can be seen, in Fig. 2d , the choice of this orbit allows the system to keep out of the resonance region and with a low amplitude value of the displacement. Defining matrices
and solving the Riccati algebraic equation (3.9) , we obtain the optimal feedback control (3.6)
Substituting feedforward control (3.3) and the optimal feedback control (3.11) into (3.1), we will obtain trajectories shown in Fig. 4 . As can be observed in Figs. 4a and 4b, the control is effective in reducing the displacement amplitude and frequency desired, and is optimal as shown in Fig. 4c. 
Proposed control by MR damper with hysteresis
The MR damper has hysteresis effects due to a nonlinear friction mechanism. Many research efforts have been devoted to the modeling of this nonlinear behavior. An alternative is the LuGre friction model (Sakai et al., 2003) which was originally developed to describe nonlinear friction phenomena (Jimenez and Alvarez, 2002) .
The friction mechanism is a phenomenon in which two surfaces make contact at a number of asperities at the microscopic level. In the modified LuGre friction model (Jimenez and Alvarez, 2002) , this mechanism is expressed by the average behavior of the bristles. In (Sakai et al., 2003; Cetin et al., 2011) , another MR damper model based on the LuGre model is described as As can be seen in equation (4.1) 1 , the LuGre model has a parameter that represents the voltage applied to the coil of the damper v. This parameter allows one to control the force of the MR damper through the control of the voltage v making the LuGre model the most suitable for the active control system.
Control of oscillations using an active MR damper
For numerical simulations we will considerẋ in equations (4.1) asẋ = −0.01π sin(πτ ), and the parameters: σ 0 = 8·10 5 , σ 1 = 1.6·10 3 , σ 2 = 1.5·10 2 , σ a = 4·10 5 , σ b = 8·10 2 and a 0 = 3·10 −3 (Sakai et al., 2003) . In Fig. 5 , one can observe the force the damper MR (4.1) 1 . The MR damper semi-active system and the damping force can be controlled by controlling the applied voltage in the damper coil. According to , one can numerically determine the voltage v required for the force of the MR damper F (4.1) 1 to coincide with the desired control force U , (3.2), obtained from the control strategy.
Considering F = U , the voltage to be applied can be determined by solving the following function
Through Eq. (4.2), we can determine the voltage being applied to the control system considering the force estimated by the control method, such as control proposed in this paper. In Fig. 6 , we can see the force applied to control the oscillations. Considering forces U (Fig. 6) and F (Fig. 5) normalized, the voltage to be applied is determined by solving numerically function (4.2). In Fig. 7 , we see the values of z,ż andẋ used in equation (4.2). Considering these results, we can observe that the proposed methodology allowed the control of the voltage (Fig. 8) considering the force U in Fig. 6 and Eq. (4.2).
Control of oscillations using a passive MR damper
The objective of introducing a passive MR damper to the portal frame structure shown in Fig. 9 is to control the displacement of the portal frame in the same scale considered in the proposed active control.
Next, we will consider the introduction of a passive MR damper U p into system (2.2) We can observe that as we increase the value of voltage, the amplitude of the displacement reduces and shifts the equilibrium point of origin. We also observe that for ν = 2.5 V the amplitudes are smaller than those obtained with the active damper. For ν = 2.3808 V we have the same displacement amplitude for the active damper and passive damping, as can be seen in Fig. 14 .
As it can be seen in Fig. 14 , it is possible to maintain the system on periodic orbits using the MR damper energized with ν = 2.3808 V. One factor which compromises this control strategy is that the system stabilizes after a long time τ > 113.5, and it is not recommended to keep the coil of the MR damper energized continuously for long periods, as required by the proposed active control (Fig. 8) . 
Active control with uncertainties
The parameters used in the control strategy are obtained from a certain data set. The data set provides parametric errors due to measurement errors or model uncertainties. To consider the effect of parameter uncertainties on the performance of the controller, the parameters used in the proposed control will be considered having a random error of ±20% . In order to consider the effect of parameter uncertainties on the performance of the controller, the real unknown parameters of the system are supposed to be as follows: α = 0.08 + 0.04r(t), β 1 = 0.8 + 0.4r(t), β 3 = 1.6 + 0.8r(t), δ 1 = 6.6984 + 3.3492r(t), ρ 1 = 0.04 + 0.02r(t), ρ 2 = 80 + 40r(t) and ρ 3 = 160 + 80r(t), where r(t) are normally distributed random functions. To analyze the sensitivity of the error, we consider
where x i is obtained for the control without parametric errors and x i is obtained for the control with the parametric error (i = 1, 2). In Fig. 15 , we can observe the sensitivity of the proposed active control with parametric errors.
As can be observe in Fig. 15 , the proposed active control is somewhat sensitive to parametric errors being under 10 −4 .
Conclusions
As can be seen in Figs. 4a and 4b , with the proposed association of feedforward control u * (3.3) and feedback u (3.11), it is possible to control the oscillations of the studied portal frame structure under non-ideal loading into periodic orbits, and the control is optimal (Fig. 4c) . Our model of the MR damper force (4.2) allows us to determine the electrical current to be applied to the dampers, as shown in Fig. 8 . Regarding the use of the passive control, it is possible to observe that to keep the system in a periodic displaced orbit, the origin must be changed. Thus, the active control is more indicated, as it keeps the oscillations around the origin. With respect to the parametric sensitivity, the active control proved to be less sensitive than the passive control.
With the results obtained, we can conclude that the proposed active control using a MR damper is more appropriate than the use of a passive MR damper.
